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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

ANATYTICAT, INVESTIGATION OF DISTRIBUTION OF CENTRIFUGAL
STRESSES AND THEIR RELATION TO LIMITING OFPERATING
TEMPERATURES IN GAS-TURBINE BLADES

By Richard H. Kemp, and Willlam C. Morgan

SUMMARY

An analytical lnvestigation vas made to determine the centrifugal-
stress distributions in six turbine-blade desligns representative of
current turbine blades. The investlgatlon also lncluded some con-
glderation of temperature effects Iin relatlion to centrifugel siress.

Sufficilent experimental data were avallable on one type of tur-
bine blade to permit investigation of the effect of service operating
temperatures on the abllity of the turblne blade to withstand 100-hour
operation at several difTerent speeds. The stress analysls for this
blade Indicated that fallure would occur at a location approximately
halfway between the base and the tip of the blade. The number of
gervice fallures that have occurred in thils reglon corroborates the
anelytical indication of critlcally low materiel strength.

INTRODUCTION

A program is in progress at the FKACA Cleveland laboratory to
Investigate the problems assoclated with the stresses and the thermal
condltions that occur in various types of gas-turbine blade employed
in turbojet engines and turbine-propeller units. As a part of this
general program, calculations were made to determine the stress dis-
tributlons that exist in six current turbine blades when these blades
are subJjected to the centrifugel forces present during full-speed
service operation,

Superlior deslign could be achieved 1f additional information
were avallable on the stress conditions that exist in opersting tur-
bine blades. Analyses that provide a basis for comparing the
centrifugal-stress distributions inherent in Jet-engine turbine
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blades of several designe currently in use were therefore made and
are presented. Comperison was made by considerlng the stress dis-
tributions in the individual blades in terms of percentage of blade
length., The turbine blades that were selected for this survey d4if-
fered considerably in physicel dimensions, but the deslgn charac-
teristica were basically similar except for the integrally shrouded
blade. ’ '

The high temperatures that exlist in operating turbine blades
effect & considereble reduction in the strength of the material.
Experimental data on the stress-rupture characteristics of high-
temperature msterials were readily available. In order to calcu-
late the effect of temperature on the strength of the material in
an individual blade, however, it—is necessary to know the operating
temperature at a number of points on the blade for a given set of
conditions. Unpublished experimental temperature data were avall-
able for one type of turbine blade studied in this Investigatlomn.
These experimental data were correlated with stress-rupture data
and with the calculated dlstribution of centrifugel stress; this
correlation permitted comparison between rupture stresses and
centrifugal stresses for several service-operation turblne speeds.

A complete analysls of the operating stresses would include
consideration of the effects of factors other than cenitrifugal
gtress and stress-rupture limitetion of the material as affected
by operating temperature. Twlst, creep, bending, vibratory fatigue,
gas erosion, serodynamic flutter, and thermal stresses caused by
uneven temperature distribution should be considered 1ln & compre-
hensive investigation. The investligation reported serves only as
an initial approach to the problem of fallure in turbine blades.

BLADES

The blade deslgns selected for the analysis are designated A,
B, C, D, E, and F. Three-quarter view sketches of these blade
deslgns are presented in figure 1. Turbine-blade designs A and B
are used 1in turbines driving centrifugal compressors; blades C, D,
E, end F are used in axlal-flow compressor units. Blade C repre-
gents the type used in a shrouded turblne wheel. The turbine
blades of designs E and F are used in the first-and second stages,
respectively, of a two-stage turbine. These six blades are Irepre-
gentative of current American gas-turbine-blade design.
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SYMBOLS
The following symbols are used in this analysis:
cross-sectional area at dlstance X from tip, (sq in.)
cross-sectional area at distance =x from tip, (sq in.)

area beneath curve Ay (R + L - x) from cross section Ay to
tip of blade, (sq in.)

centrifugal force, (1b)

centrifugal force at d.istanc.e X from tip, (1b)
acceleration of gravity, (in./sec?)

congtant dependent on density and speed of rotation
length of turbine blade, (in.)

mass, (lb-sec?/in.)

radius of turbine rotor, (in.)

radius of revolution for mass, (in.)

distance from tlp to cross section where stress is to be
determined, (in.)

digtance from tip to any cross section, (in.)
density, (lb/cu in.) ‘
satress at cross section Ax, (1b/aq in.)

angular velocity, (radians/sec)

ANATYTICAL PROCEDUKE

Theo first part of the analysis was concerned with distribution

of centrifugal stress along the axlal lengths of the individual
blades at full rated turbine speeds. Comparison was then made by
conslidering the stress distribution in terms of percentage of blade
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length. The secorid part of the anslysis consisted of an examination
of the relation between centrifugel-stress distributlon in one of
the turbine blades and the rupture stress as limited by experimen-
tally determined temperature dlstribution.

Distributlon of centrifugal stress. - Centrifugal force on any
obJject revolving about a fixed axis can be determined from the gen-
eral formule

F = mufr (1)

A conventionalized sketch of & turbline blede wlth the dimen-
gional notations used in the derivation is presented in flgure Z.
By substituting (R + L - x) for r in equation (1), and

dx for dm, the fcllowing equatlon mey be written te represent

the centrifugal force acting on the incremental volume, A dx:

de=Ax§ w® (R+L - x)dx (2)

When integrated, equation (2) becomes

X
Fx=-L°g°2-fOAI(B+L-x)dx (3)

Then the stress at the cross section Ay 1s expressed by the fol-
lowing equation:

X
GX=AXL@-—:IOAZ(R+L-J:)G.: (.4)

&

In order to provide a gimple and qulck determinatlon, the
solution of equation (4) was made in part by graphical methods. The
cross-sectional area of each of the turbline blades at various loca-
tions was obtained. From this informetion, a curve of cross-
gectional area sgeinst turbine-blade length was plotted forxr each
individuel blade. The value A, for any blade could then be read
from the proper curve. The constants R and L were known and by
arbitrary selection of the variable x sufficlent points were
established to obtain a curve of Ay (R+1L ~ x) for each turbine
blade.

S98



86b

NACA EM No. E7LOS S

The centrifugal stress was then calculated fxrom & simplified
equation derived from equation (4).

Ax
Solution of equation (5) was made for a sufficlent number of
values of Ax to establish a curve of stress dlstribution for each
blade.

Effect of temperature distributlion. - Experimental data were
avallaeble on the temperature distribution in turbine blade of
type B during engine operation. The axlal temperature distributions
of thls blede for turbine speeds of 10,000, 11,000, and 11,500 rpm
are shown in figure 3. These data were o’bta.ined. from an u.nreported
investigation made at the NACA Cleveland leboratory.

In order to determine the maximum allowable stresses in the
materlal of turbine blade B for these service conditions, stress-
rupture curves for the blade nmaterial (Vitallium) were used. The
100- and 1000-hour curves (data cbtained from reference 1)} shown
in figure 4 were selected 1n order to permlt estimetion of the
gervice life of the turbine blade. Correlation of the information
provided by the curves of figures 3 and 4 permitted determination
of the theoretical maximum allowable stress-distrlibution curves
for turbine blade B at three operating speeds and two conditions
of time.

RESULTS

The axial distributions of centrifugal stress and of cross-
gsectlonal area of the six types of turbine blade under full-speed
operation of the turbines in which they are used are presented in
figures 5 to 10. In figure 11 the data representing the centrifugali-
stress distributions of the turbine blades have been replotted with
unit turbine-blade length as & coxmon abscissa. Results of the
investigation of the effect of operating temperature on the expected
service life of turbine blades of design B at three engine speeds,
basged on experimentally determined temperatures, are presented in
figures 12 to 14.
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Centrifugal Strese and Crosas-Sectlonal Area

The characterlstics of the turbine blades, as shown in fig-
ures 5 to 1ll, vary sufficlently to warrant individual discussion.

Turbine blade A, - The decrease in cross-sectional area of tur-
bine blade A is almost linear with blade length (fig. 5). The base
section is comparatively thick. From the base section, turbine
blade A tapers to a relatively thin section at the tip. The slope
of the curve for centrifugel-stress distridbution is almost constant
over its entire length except in the region near the base and tip.

Turbine blade B. - The desilgn characteristlcs of turbine
blade B, as ghown in figure 6, are markedly different from those
of the other blades studied. The cross-sectional area decreases
at a nearly constarnt rate from the base sectioA to approximetely
the middle of the blade; from the middle to the tip the areas decreases )
at a slower rate. The decrease in area of both parts of the blade
is nearly linear wilth blade length. As a result of this unique
design, the curve representing the distribution of centrifugal stress
1s dissimilar to those calculated for other unshrouded turbine blades.
The atresses in the reglon near the base of the blade are falrly high.
At~ the middle of the blade, a sudden change in slope occurs and
toward the tlp of the blade the stresses decrease at & rate very
similar to that determined for the other unshrouded blades.

Turbine blade C. - The design characteristice of turbine
blade C, which is shrouded, are of especial interest (fig. 7). The
reduction of area is not great from the base to the integral shroud
segment at the tip. Because of the mass of this shroud segment s 1t
1s important that a& low centrifugel stress be maintained at the
location of, change in section. The curve of centrifugal stress
differs from those obtained for unshrouded typss in that the slope
is less along the greater part of the curve. The decrease in both
cross-sectional area and in centrifugal stress between base ang
shroud segment 1s less than with unshrouded blades of similar
dimensions.

Turbine blade D. -~ The difference between turbine blade D and
the others included in the investigation is principally in the
quantitative values of its centrifugal-stress and cross-sectional
area curves, presented In figure 8., The curve for cross-sectlonal-
area distributlion shows a relatively thin base section. The taper
decreases parabollcally toward the tlp. Cemtrifugal stress at the
base 1s higher than that in any of the other blades.

Q98 «
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Turbine blade E. - The length of turblne blade E 1s approxl-
mately equal to that of blade B, but there is no similarity between
their respettlive centrifugal-stress and cross-sectlonal-area distri-
bution curves. The base sectlon 1s thick compared with that of tur-
bine blade B and the area curve of figure 9 decreases smoothly to a
tip value nearly the same as that of turbine blade B. The curve of
centrifugal-stress dlstribution has a slope similar to the curves
for blades A, D, and F. There are no abrupt changes in the slopes
of the curves for turbine blade .

Turbine blade F. - The dlmenslons of turbine blade F are very
similar to those of blade E. A comparison of these two blades
shows that blade F has approximately the same base section (fig. 10)
as blade E, but does not taper as rapldly. As a result, the cen-
trifugal stress at the base is higher 1in blade ¥. The comments
made in comparing turbine blade E with the other unshrouded blades
are also applicable to turbine blade F.

Comparison of designed stressg dlstribution. - The stress-
distribution curves for all the blades plotted against percentage
blade length are presented in figure 1ll. The effect of the change
in taper of ‘turbine blade B is clearly shown in this figure. The
maximum centrifugal siress 4s lower in turbine blade C than in any
of the other bleades.

Temperature-Distribution Effect

Comparisons between rupture siresses for 100- and 1000-hour
gervice lives and the centrifugal stresses present in turbine
blade B during operation at engine speeds of 10,000, 11,000, and
11,500 rpm are shown in flgures 12, 13, and 14, respectlvely.

Turbine speed of 10,000 rpm. ~ The service life of turblne
blade B would not be limited by the effect of centrifugal force
caused by operation at 10,000 rpm (fig. 12). In the reglon near
the center of the turbine blade, critical because of 1ts high
operating temperaturse, the centrifugal stress 1s approximately
16,000 pounds per square inch., According to the informetion
obtained from the correleation of blade operating temperature and
stress-rupture data, the rupture stress for 100-hour operatlion
is nearly 50,000 pounds per square inch near the center of the
blade; the 1000-hour rupture stress 1s 40,000 pounds per square
inch.
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Turbine speed of 11,000 rpm. - According to the curves pre-
sented in flgure 13, fallure caused by centrifugel stress salone
would occur in turbine blade B before 1000 hours of operation. The
rupture stresses as determined for 100-hour operation are suffi-
clently high, however, to permlt safe operation at 11,000 rpm for
that periocd of time, if the effects of stress-inducing factors
other than centrifugal force are neglected.

Turbine speed of 11,500 rpm. - At the meximum rated speed of
11,500 rpm, turbine blade B would not withstand operation for
100 hours. Figure 14 shows that the rupture stress would be leas
at the central part of the turbine blade than the centrifugal stress.

DISCUSSION

The summery and comparison of centrifugal-stress dlstributions
presented in figure 11 show considerable disparity among the designed
stresses of the six blade types, although there is similarity in the
slopes of the curves except for those of turbine blades B and C.

The shape and the slope of the curve for turbine blade C can be
explained by the presence of the integral shroud segment—at the tip
of the blade; the cross section near the tip must be sufficlent to
withatand the centrifugal force caused by the shroud segment. The
comperatively low value of the centrifugal etresses ln the lowexr
third (including the base) of turbine blade B is caused by the
change in taper near the center of the blade.

The only valld comparlisons that can be made among the elx
turbine-blade types are those based on centrifugal force alone. The
rotor radius, design speed, blade length, and blade shape of turbine
blade C result in a stress distribution that makes this blade most
resistant to fallure on the basie of stress rupture.

Turbine blade D ia subJected to consistently high stresses,
relative to the values that occur in the other turblne blades

studlied,

The centrifugal stresses in turbine blade F are higher than
thoge determined for blade E. It is known, however, that the
operating temperature in turbine blade F, the second-stage blade,
ia lower than in turbine blade E, the flrst=stage blade. It 1s
therefore probable that the effect of higher centrifugal stresses
in the second-stage turbine blade 1s offset to some extent by the
higher rupture strength.
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The comparisons between centrifugal stresses and predicted
rupture stresses shown in figures 12 to 14 for turbine blade B at
different operating speeds are of especial interest. At a speed of
10,000 rpm, near the lower limit for crulsing, the turblne blade
would operate for an indefinite perliod of time wilthout fallure from
stress rupture caused by centrifugal force, as shown in figure l2.
Figure 13, however, indicates that the centrifugal stresses in the
central portlon of turbine blade B would exceed the rupbure strength
for 1000-hour operation at 11,000 rpm. The curves shown in fig-
ure l4& show that the centrifugal-stress distribubtlion is sufficlently
high to llmit safe operation at 11,500 rpm to less than 100 hours.

The operating temperatures of the other turbine blades are
probably similar to that of turbine blade B. Durlng servlice oper-
ation, the tall-pipe gas temperatures of the various unlts are
approximately the same. The operating temperature of turbine
blade E may be higher, however, than those of the other turbine
blades because of its location ln the first stage of a two-stage
turbine. :

The limportance of temperature distribution can be exemplifiled
by the fact that service fallures have occurred in the region pre-
dictéd by the calculations made for turbine blade B. The region
where fallures have occurred 1n such & turbilne blade is indicated
in figure 15, The appearance of such fallures indlcates that the
rupture begins at the trailing edge within the rather narrow limlits
shown in the figure. ’

SIGNIFICANCE OF RESULTS

The analytlcal lnvestigation of centrifugel-stress and cross-
sectional-area distributions in six types of gaa-turbine blade
indlcetes that changes in the current design of turbine units to
effect a reduction in centrifugal siresses and operating tempera-
tures of the blades would be advantageous. The fact that service
fallures have occurred in the reglion indicated as probable by the
analysis tends to confirm the assumption that the limitation of
centrifugel stresses by operating temperatures is an important fac-
tor in consideretions involving service life of turbine blades.

Flight Propulsion Research Laboratory,
Natlonal Advisory Commlttee for Aeromautics,
Cleveland, Ohio, December 5, 1947,
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Turbine blade A ; Turbine blade B Turbine blade C.

.

Turbine biade D Turbine blade E Turbine blade F

Figure 1. — Three-quarter views of six turbine-blade designs selected for
analytical investigation of centrifugal-stress distribution during full-
speed operation.
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22 . . NACA RM No. E7L05

6lyx103

6 \\ L__l--»—-loo-hour stress rupture
5 :
\\ \\\\ ///, /L————looo-hour stress rupture

h 4

\ 1/

L8

\ A
. N /
=]
= Lo —
~
A
a
£ 32
@
—~
o
g
“
L 2k
o+
£ -
S
~
16 e
N
: —Centrifugal stress
8 \\/
\\

NACA
0 "1 2 .3 Ly
Distance from base of blade, in.
Figure 12. - Comparison between calculated centrifugal stresses and

al lowable stresses as computed from stress—rupture data and operating-—
temperature data for torbine blade B. Turbine speed, 10,000 rpm.

Go8



NACEA RM No. E7L05 23

6kx103

\\ -100-hour stress rupture

g\ ]
LH | /
\

//,,—looo-hour stress rupture

&=
(o]
"1
L]
s
\—“

e
AN
S —]

Centrifugal stress, lb/sq in.

/
v
\\

\._;:><::;
16

l-Centrifugal stress
o N |

\/
AN
o 1 2 3 L
Distance from base of blade, 1in.
Figure |13, — Comparison between calculated centrifugal stresses and

allowable stresses as computed from stress—rupture data and operating—
temperature data for turbine blade B. Turbine speed, 11,000 rpm.
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Figure 14. — Comparison between calculated centrifugal stresses and

allowable stresses as computed from stress—rupture data and operating-
temperature data for turbine blade B. Turbine speed, 11,500 rpm.
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Figure 15, — Critical region of failure in turbine blade B, based on
records of service failures.




